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ABSTRACT 


Thermal conductivity measurements were made for 
two copper, two gold and one silver-based polycrystal- 
line rods and one copper-based single crystal rod in 
the temperature range 0.5 to 4 K. The polycrystalline 
rods were measured with each rod first being in a highly 
cold-worked condition and then in various stages of 
recovery brought about by annealing at temperatures up 
to 1000 K. From the total measured conductivity the 
lattice conductivity was extracted by calculating the 
electronic component using the Wiedemann-Franz law and 
electrical resistivity measurements. In none of the 
alloys did the lattice conductivity exhibit the temper- 
ature dependence expected from standard theory. Above 
1.5 K, comparable experimental results of other workers, 
published only for copper alloys, agreed with the data 
presented here. Measurements below 1.5 K indicated an 
even larger departure from standard theory. It is the 
author's belief, that in the entire temperature region 
(0.5 to 4 K), the anomalies are contained in that part 
of the lattice conductivity which is limited by defect 
scattering. The anomalies in the silver and gold alloys, 
though basically similar to those in copper alloys, 
occurred at different temperatures and could be due to 


changes in the scattering of phonons by dislocations, 
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with an associated "characteristic" length of a few 
hundred angstroms. Changes in the temperatures of 

the anomalies were correlated with changes in phonon 
wavelength in different hosts. A preliminary electron 
microscope investigation of the copper alloys reported 
here does indicate the presence of a "characteristic" 
length, of a few hundred angstroms, though not associated 


with the dislocation structure. 
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INTRODUCTION 


Thermal conductivity measurements of some cold- 
worked copper alloys have been reported recently by 
Kusonoki and Suzuki (1969), Charsley and co-workers 
(1968, 1971) and Mitchell et al (1971). These measure- 
ments indicate that the lattice thermal conductivity 
does not follow the expected quadratic temperature 
dependence in the range 1.5 to 4 K. Although the 
experimental results, of the above workers, were 
basically similar, various explanations have been 
put forward for the anomalous behaviour of the lattice 
conductivity. These anomalies have been attributed to: 
(a) a change in the electron-phonon interaction due to 
short electron mean free paths (Lindenfeld and Pennebaker 
1962) or (b) a change in the scattering of phonons by 
(1) static dislocations and (ii) mobile dislocations. 
This thesis is an attempt to resolve the controversy by 
extending the measurements to lower temperatures (0.5 K) 
and to other noble metal hosts (silver and gold). 

The various components of thermal conductivity 
are discussed in Chapter II along with a review of the 
previous work and proposed models. A description of 


the 3 


He cryostat, used for the measurements reported 
here, along with experimental details are given in 


Chapter III. Chapter IV is concerned with the choice 
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and preparation of specimens and all the thermal con- 
ductivity results are presented in Chapter V. A 
discussion of results with reference to various models 
follows in Chapter VI. Some suggestions for further 
work have been put forward in Chapter VII. The final 


chapter is a summary of the conclusions. 
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CHAPTER II 


THEORETICAL BACKGROUND 


Ze er Derodauction 


The thermal conductivity A of a metal may be 
divided into two components, the electronic conduc- 
tivity, Aas and the lattice conductivity, xs: This 
thesis is primarily concerned with the measurement and 
analysis of the lattice thermal conductivity of metal 
alloys, at low temperatures. In a pure metal most of 
the heat is transported by the electrons and consequently 
it is extremely difficult to measure Ag: Point imperfec- 
tions added to the host metal reduce the electronic 
component without substantially reducing the lattice 
component at low temperatures. The two components, Ans 
and Ags are then comparable and Ag becomes a measurable 


quantity. 


2.2 Separation of A_ into Components 


The total thermal conductivity ) can be written 
as a sum of its electronic and lattice components 


(Klemens 1958), so that 
Ve Pa a sien | : (2.1) 


These two conduction processes are limited by various 
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scattering mechanisms that give rise to thermal resis- 
tances We = Me and Wg = ee It is then necessary to 
consider the various mechanisms that will scatter the 
electrons and phonons to arrive at the total thermal 
resistivity, and hence the total thermal conductivity. 
The electronic thermal resistivity is discussed in the 


next section and the lattice thermal resistivity is 


discussed in Sec. 2.2.2. 


Qe2ch Telectronzie Thermal Resistivity 


There are two major sources of electron scatter- 
ing in alloys: imperfections and lattice vibrations. 


These give rise to thermal resistivities We and es 


where the subscript o denotes the imperfection induced 
(or residual) resistivity, and the subscript i the ideal 
(or lattice) resistivity. Below 4 K, the alloys reported 


here have a negligible Wee because Wes >> W The 


ei°’ 


electronic thermal conductivity is then given by 


the Wiedemann-Franz law (Klemens 1958). 


1 Lar (2102) 


where Po is the residual electrical resistivity and 


Ly is the Sommerfeld value of the Lorenz number 


i - -2 
for elastic scattering = 2.445 x 10 : Wik ~. 
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2.2c2 Lattice "Thermal Resistivity 


The various scattering mechanisms for phonons 


are 
a) specimen boundaries 

2) electrons 

3) ay aieesci ons 

4) point defects and 

a) interaction with other phonons. 


The important sources of lattice resistivity in 
the alloys reported here, below 4 K, are electrons, Wye! 


and the strain fields surrounding dislocations, W A 


gd° 
physically plausible argument is presented below to show 
why Wye has ~2 temperature dependence. 

Using the dominant phonon approximation (Ziman 


1958) one can write 
ox aka 
hg aide ( ) 


where Cg represents the lattice specific heat, & the 
mean free path of phonons and v the velocity of these 
phonons. Below 4 K,. v can be assumed to be independent 
of temperature and Cem, so that only the temperature 
dependence of & remains to be determined. The phonons 
can interact only with those electrons within the 


"thermal layer" around the Fermi surface. Since the 


"thermal layer" is ~kT in width, the number of electrons 
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avai lable \forescatteringvuissproportional to T, so that 
t« 1/T. Using eqn. (2.3), Wo. T7? is obtained. 
This temperature dependence was experimentally verified 
by White and Woods (1954), Kemp et al (1957), White, 
Woods and Elford (1959) and Birch et al (1959), who 
deduced Hees in pure copper, silver and gold from mea- 
surements of the thermal conductivity of dilute alloys. 
Klemens (1958) has shown that the lattice thermal 
resistivity arising from the scattering of phonons by 
dislocations also varies as i in his, calculation, 
scattering by the dislocation core is shown to be negli- 
gible at low temperatures, the majority of the scattering 
beingsdue, toy the long range “strain. field. |” In: the. range 
4-20 K, thermal resistances varying as ~? have been 
experimentally observed by Birch et al (1959), in alloys 
where a high density of dislocations had been introduced. 
Since both Nae and a arise from phonon processes 
with the same frequency dependence, it can be assumed 


that they contribute additively to Wy (Klemens 1958), 


so that 


w_ = W + W 


g ge gd ie) 


ONG 


Wy = CT “+ DT : (255 ) 


The calculation of the total thermal resistivity for 
scattering processes of different frequency dependences 


is discussed in Appendix II. 
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2.2.3 Graphical Method of Separation 
Hsing egns. s(2..4)_ and. (2,,2)4 the, totals conduct imi ty 


& Can be; written. as 


— poe 
A= LoT/o, + BY (2.6) 


where 


Syiok ssi ae 


wo 
I 


Plots of A/T against T would thus be expected to give a. 
straight line with intercept L/P, and slope B which 


will depend on the density of dislocations. 


2.3 Previous Work 


Mitchell et al (1971), Leaver and Charsley (1971) 
and Kusonoki and Suzuki (1969) made independent studies 
of gr in the temperature range 1.5 to 4 K, on deformed 
and subsequently annealed copper alloys containing 
between 2 and 15 at. % aluminum. The thermal conduc- 
tivity data measured by all three groups of workers was 
basically similar and showed a pronounced change in 
temperature dependence, or "kink", between 2 and 3 K. 
Although the yee groups attributed this change to an 
effect in the lattice thermal conductivity, each advanced 
a different explanation for it. The models they used are 


briefly discussed in the next section. 
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2.4 Review of Models 


The various models suggested can be discussed in 
three categories:- 

(1) Scattering of phonons by electrons (in the region 
where the electronic mean free path = phonon wave- 
length) - Pippard effect (1957). 

(2) Scattering of phonons by static dislocations 
(a) Dislocation 'dipole' model by Leaver and 

Charsley (1971). 
(b) Dislocation rearrangement model of Ackerman 
and Klemens (1971). 

(3) Scattering of phonons by mobile dislocations 

(a) Dislocation 'flutter' model as discussed by 
Ziman (1960). 
(b) Resonance scattering by partial dislocations - 


Kronmuiller (1972). 


2.4.1 Scattering of Phonons by Electrons 


Pippard (1957) has shown cRee the electron- 
limited lattice thermal conductivity will depart from 
the usual 7? dependence when qk, < 1 (where q represents 
the phonon wave vector and de, the electronic mean free 
path). The inequality qz, < 1 implies that the elec- 
trons do not travel sufficiently far between scattering 


events to ‘sample’ one complete wavelength of the 
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lattice virbation. The interaction between phonons and 
electrons is thereby reduced and leads to an extra 

lattice conductivity proportional to T. Experiments 

by Zimmerman (1959) and Jericho (1965) on silver alloys, 
by Lindenfeld (1962) on copper alloys and by Archibald 

et al (1967) on potassium alloys (of comparable Po). do 
show an increase in the thermal conductivity below 2-3 K. 
Mitchell et al (1971) have interpreted their data, on 

cold worked and annealed copper alloys, also in support of 


Pippard's theory. 


2.4.2 Scattering of Phonons by Static Dislocations 


(a) Dislocation 'dipole' model 

The scattering of phonons by the long range strain 
tield of a Spee Gas produces a 7? variation of dg at 
low temperatures. However, the probability that a 
phonon will be scattered by a defect depends on the 
relative size of the defect and the phonon wavelength. 
As the temperature decreases the dominant phonon wave- 
length increases and the phonon scattering begins to be 
affected by the overlap of some of the dislocation 
strain fields. This overlap leads to a reduction in 
the scattering, as, on the average, the strain fields 
tend to cancel each other. 

In the Leaver and Charsley (1971) model a frac- 


tion of the dislocations are assumed to be in a ‘'dipole' 
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arrangement. In the dipole configuration, two parallel 
edge dislocations of opposite signs are separated by 
distances small compared with other dislocation 
separations. Since the long range strain fields of 
the two dislocations in such an arrangement partially 
cancel, one expects a decrease in phonon scattering 
compared to that of two isolated dislocations. Leaver 
and Charsley (1971) assumed that dislocation dipoles 
would scatter phonons, which have a wavelength greater 
than n times the dipole separation, with ge w > (n is 
an adjustable parameter and w is the phonon frequency). 
All other phonons would be scattered as for an individual 
dustocation,.. ie. 2«w + (Gruner and Bross 1968). 
Choosing values of d = 200-250 A (from electron 
microscope data), n was varied to optimize the fit to 
the data. For d = 250 A and n=0.5, Leaver and Charsley 
found good agreement with experimental curves in the 
temperature range 2 to 4 K. Their calculations of ‘eS 
below 2 K showed a plateau in Kg against T plots around 


Lo Ke 


(b) Dislocation arrangement model 

Ackerman and Klemens (1971) calculated the lattice 
thermal conductivity due to a dense array of dislocations. 
On the assumption that dislocations tend to rearrange 
themselves so as to minimize the free energy, they showed 


that this leads to a cancellation of the long range 
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strain field. This model though similar to the Leaver 
and Charsley model, is much less restrictive on dis- 
location arrangements and would lead to a slower 


deviation from a 7 behaviour than the 'dipole' model. 


ta Scattering of Phonons by Mobile Dislocations 


(a) Dislocation-flutter model 

So, tar the disiocation and its surrounding strain 
field have been treated as static entities. However, it 
is known that dislocations are not fixed to the medium 
but can move. This mobility should be taken into account 
in the analysis of scattering, for the incident phonon 
has a stress field which may cause the dislocation to 
move while scattering the incident phonon. Ziman (1960) 
has shown that the scattering width is proportional to 


the phonon wavelength, so that 


a 
Wga ay . 


To date, the only experiments which indicate such 
a strong temperature dependence of rg are measurements 


made by Jericho (1965) and Lindenfeld (1966). 


(b) Resonance scattering by partial dislocations 
In a face-centred cubic metal a dislocation may 
dissociate into two partial dislocations, separated by 


a stacking fault - a region across which the sequence 
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of close-packed layers is disturbed. Kronmuller (1972) 
has calculated the vibrational frequencies of these 
partial dislocations to be ip+9 to 107+ Hz which 
correspond to the dominant phonon frequencies at 1 K. 
Resonant scattering of phonons by vibrating partials 
can, therefore, produce a change in the phonon conduc- 
tivity close to 1 K. The resonant frequency Wo is 
directly proportional to the stacking fault energy, 


and inversely to the stacking fault width (Kronmtiller 


1972) so that: 


1 


wo = (2Y/mog— 4) (ore) 


where 


Y stacking fault energy 


Wt 


d stacking fault width 


More = effective dislocation mass . 


At resonance, the scattering of phonons would be 
enhanced and this would lead to a plateau in the lattice 
conductivity or, under special circumstances, a minimum. 
Thermal eoncuctiy rey measurements on superconducting 
niobium single crystals have been interpreted by 
Anderson and Smith (1973) as indicating a resonant 


scattering of phonons around 1 kK. 
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2.5 Need for Further Work 


As various explanations existed for the anomalous 
behaviour of the lattice thermal conductivity of cold 
worked copper alloys, it was anticipated that extending 
the measurements down to liquid 3He temperatures would 
clarify the situation. Preliminary measurements on 
copper alloys, of enopeene type studied by others, 
yielded similar experimental data in the liquid 4 He 
region, and enhanced conductivities in the 3He region. 

It seemed that measurements on other, cold-worked, noble 
metal hosts (where the phonon wavelengths were different) 


would be helpful. 
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CHAPTER III 


EXPERIMENTAL DETAILS 


In order to measure the thermal conductivity of 
various metals and alloys, in the temperature range 
0.5-4 K, a 3He cryostat was constructed. The design of 
the cryostat was similar to the one described by 
Archibald, Dunick and Jericho (1967), with a few 
modifications. Both the thermal conductivity and the 
electrical resistivity of a specimen can be measured, 


over the entire temperature range, in a single run. 


3.1 Low Temperature Section 


At all temperatures the main coolant is liquid 
4 He in a glass dewar, boiling under normal pressure. 
For measurements between 2 and 4 K, liquid She inga 
thermally isolated copper pot is cooled by reducing the 
pressure above it. For measurements below 2 K, a fur- 
ther stage of refrigeration is used; a pumped pot con- 
taining liquid sHes 

A cross-section of the low temperature part of 
the cryostat is shown in Fig. 1. It consists of three 
main sections: 
(i) a copper outer can, 


& 


(ii) the “He pot with an isothermal radiation shield, 


and 
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(iii) the 3He station to which the specimen is soldered. 
The outer can, cooled by immersion in a dewar of 
‘liquid fue; can be evacuated, thereby isolating the tHe 
station. The 44e pot (a 150 c.c. copper pot) can be 
filled with liquid 4 ue and pumped to obtain temperatures 
between 1.2 and 4-K. Extending below the pot is a 


3He station) 


removable, brass inner can (enclosing the 

which can be evacuated by a separate pumping system. 

The He station, a copper block with various chambers 

machined into it, is comprised of the following: 

(i) a 3He pot of capacity 3 c.c. which can be pumped 
to obtain temperatures down to 0.4 K, 


4 He and 3He vapour pressure bulbs, 


(ii) 

(iii) a specimen post, 

(iv) carbon resistors and a heater used for temperature 
regulation, 

(v) a salt pill, hung atrdétiy below the eHe station 
and isothermal with it. 

Starting at the room temperature cryostat head, 
the electrical leads, including spares, pass down the 
specimen chamber pumping tube. The lower end of ‘nad 
tube passes through a brass block as shown in Fig. l. 

The wires were wrapped around and varnished to a 
copper post, which was then soldered with Wood's 
alloy into the brass block. This block was normally 


covered with liquid 4 He thus providing the first thermal 
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anchoring stage for the wires. The leads were again 
thermally anchored at the 4 He pot and 3He station as 
indicated in Fig. 1. To keep the heat leak to the 
two stations small, #38 B & S manganin wire was used 
for all leads except the single current lead, for which 
#38 B & S copper wire was used. The free ends of the 
leads at the she station were soldered to electrically 
insulated pins embedded in a copper post. Electrical 
connections to the specimen, thermometers and heaters 
were made with coils of manganin wire, eight inches 
long (70 2/ft), ensuring that the thermal resistance 
in parallel with the specimen was large enough to pre- 
vent the heat flow through it from being disturbed. 
The procedure used in cooling the cryostat was 
to introduce exchange gas (AHe) at a pressure of 
several Torr into the outer and inner cans. Liquid 
nitrogen was used for pre-cooling. The dewar was then 
emptied and liquid 4ue was then transferred into it, 
cooling the whole low temperature section (Fig. 1) to 
4 K. The exchange gas was pumped out and the tHe pot 
filled with liquid through the needle valve, operated 
from the cryostat head at room temperature. The 4 ue 
pot and the Bie station were kept in thermal contact 
by lowering the movable copper rod and filling the tube 


around it with 4ue gas at a pressure of several Torr. 


Temperatures between 2 and 4 K were obtained by pumping 
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the 4 He pot, controlling the pressure with a diaphragm 
manostat, and supplying a small amount of heat through 
the temperature controller. For measurements at lower 


3) 


temperatures the ~He pot was filled with liquid by 


introducing 3He atrampressures, of about, 250 Torr. The 
thermal linkage between the ane and 4 He stations was 

then "broken" and the He pot pumped through a room 
temperature needle valve to slightly below the required 
temperature. The temperature was regulated at a slightly 


higher value with a heater connected to a temperature 


controller. 


5 pa Temperature Controller 


The temperature controller is similar to the one 
describedrby Rochhin (1970). ‘The circuit consists. of 
an a.c. wheatstone bridge with a carbon resistance 
thermometer, as the sensing element, in one arm of the 
bridge.. Regulation is provided by using the ‘off-null 
Signal, amplified by a phase sensitive detector, to 
control the power delivered to a heater placed in good 


He station’ This LO000r) 


thermal contact with the 
heater, consisting of #42 B & S manganin wire (147 /ft), 
was wound around the Sie station as shown in Fig. l. 


Since the bridge was optimized for thermometer resis- 


tances between 500 and 5000 2 it was necessary to use 
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two different thermometers to cover the entire tempera- 
tumenange ata 33mQwAlWeneBradliey sfromele5 sto 4eK and a 
10 & one below 1.5 K). The resulting regulation of the 


3He station temperature was better than +0.5 mK. 


S23 Thermometry 


3.3.1 Choice of Thermometers 


A pair of fast responding thermometers are 
required for thermal conductivity measurements. The 
possible choices are carbon or germanium resistance 
thermometers. The advantages of using carbon resis- 
tors are (i) they are cheap and (ii) their resistance- 
temperature characteristics can be fitted to a simple 
equation. The disadvantage is that they have to be 
recalibrated every run. In contrast, germanium ther- 
mometers are more expensive, fit a more elaborate 
equation, but once calibrated hold their calibration 
well. This excellent reproducibility was the major 
reason we chose to use germanium thermometers. The 
thermometers were calibrated in the cryostat, as des- 
cribed later, and checked periodically. 

It is important not to use too large a measuring 
current to avoid self-heating of the thermometers. 
Test experiments showed that at 10 UWA no change in 


temperature occurred even at 0.5 K. Consequently, this 
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current was used for measuring the thermometer resis- 
tances at all temperatures. At all temperatures 
changes in thermometer resistance corresponding to 
temperature changes of 0.1 mK could be easily detected. 

At temperatures below ~l1 K extreme care has 
to be taken to ensure good thermal contact between the 
thermometer and the specimen. Below 1 K the pressure 
of the exchange gas in the thermometer capsule drops 
resulting in the temperature of the sensing element 
being different from the temperature of the thermometer 
casing. To circumvent this problem the specimen probe 
was thermally anchored to the thermometer leads as well 
as the thermometer case. A piece of #18 B & S gauge 
enamelled copper wire was wrapped around the case of 
the thermometer in a single layer and varnished. One 
end of the wire was soldered to the specimen probe using 
non-superconducting solder (bismuth-cadmium). The 
other end of the wire was used as a thermal anchor for 
the thermometer leads by winding and varnishing them to” 
te | 

The probes themselves were 2 cm long pieces of 
#14 B & S gauge bare copper wire, wrapped around the 
specimen in a single turn, transverse to the specimen 
axis, and soldered with non-superconducting solder. 
Initially a different method was tried. A 1 mm diam. 


copper wire was etched carefully in concentrated acid 
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into a conical shape. Holes were drilled, in the 
specimen, at two convenient points (about 8 cm apart) 
and the thin end of the etched wire drawn through 
until it fit snugly. This would have allowed the 
probes to be left in place between runs, whilst the 
specimen was annealed, ensuring that the separation 

of the probes remained constant. This procedure was 
unsuccessful as below 1 K the pressure contact had too 


high a thermal resistance. 


Settee Vapour-Pressure Thermometry 


The pressures of 4 He and 3 He in the vapour 
pressure bulbs were measured using two precision 
pressure gauges manufactured by Texas Instruments. 

These gauges have a high sensitivity and reproducibility 


(40.001 Torr.). Between 2 and 4 K temperature measure- 


ments were made by reading the vapour pressure of 4 He 


and using the 78 scale (Brickwedde et al 1960). 


In order to prevent errors due to cold spots the vapour 


pressure sensing tubes were vacuum jacketed where they 


passed through the 4 He pot. «Below 2K; the 4 ue bulb 


was evacuated and temperatures were obtained from are 


vapour pressure measurements using the moe scale 
(Sherman, Sydoriak and Roberts 1964). In the overlap 


region, between 2 and 3 K, the pressures over the two 


= fet Le 
k : bi 
; » (pee 
. io © 
7 Je 
; i> . 3 





( ~ Fatt cP f P - ih 
a9 6 hx; Fis . OS i } (oo STsw oli Wt wild e Ssqyate LBOLNOS és ogmt 
i. y 0 _ 
(S%sc fie boas) i jnesinsvnaoo ows 36 * aemit neqe-- 
a oy 
~ wie . & “ a - e - ‘ ~ 
> ; hoedots sit io Sas nid? edd bas 
. - * * if ef aS =» > —— 7. “ 
31 i ; bivew erat -Yiputia JL2 32£ iigeiy  . 
* . a I Ee ee y ae a 4+ sadose _ 
pI ri ,enur mes i sos/ iL sisi ed oF aedozg ~ - 
3! rs tsdit p (vans ,bsissnns asw dAenizosde 
P , : 
YG! <q BENT } 1 y! PSL oMeLl 25acn.r G ais To. wi 
: f 
iO 3 iTC f ; tt Ali wolsd -es5 tuteesooveny a 
[os A i 
sorpstetee:t tisttrons 6 aipia Be 
- a 
— 4 
— = 
> tT 4 2 4 2 = my 
- 7 it 
7 4 PY ; 3 1) Baxttiae i (kT 
4 I } eo. ~~ aaihe > 3 isa 
_. 
Io f OM fe jassm stew‘ ediud szu erg _ 
7 
- 7 
6a ji3a wer Fee xoT DSTVUSSBIUASM 295p0Ep sileesig i 
- a A Ps ‘ - ° % 8 i 
. tb mms voivis 2 dpid s oved eapuBp sesh 
= 9 
Stutexsqmat A kh bas § meswtsh .ToetoF 100.03) 7 = 
7 a. a: 
i 4 
7 r =| 
St vi ~ : j COS ; 1i5sst vd ».hses stew anon 7 
} ‘ ¢ ra a; ‘at < Sfpoe 8c; a i4 r e Pn wes) “a 
23 . : Aw2d BL | = oS > wes Pala One: id 
‘ 
=> ey a 
VOUdsaY Ons ro* =Thib =i G 7 s~ g : 
IWOGEV 2 ILOD: SUD 8fO1rSs Faevstq oF ¢wsbiSe al - 
\ y 7 ie a ' 
sor . oe me i ‘ : . % » we : 
fey Lo & =" f t 7 a aur ‘li aa = ~ - : 
YOns sishw bstsaos(. muyet Siow eedust ‘patense pietaitcies 


Jaq ‘38° 


ain Never Aa posmag. -/ 


i 
» > 


3exe 


gras pus bedeusr sve’ dew 
i 


we 


<= 





ee 


bulbs were read simultaneously and the corresponding 
temperatures were found to be the same within +0.1 mK. 
Below 0.7 K thermomolecular pressure correc- 
tions, which are difficult to estimate accurately, 
have to be applied, so the range for 3He vapour 
pressure measurements was limited to 0.7 to 2 K. 


Using this combination, the cae scale for 4 ue and 


the Too scale, for Het temperatures were reproduced 


oven the range, 0.7 tor4 K with an: accuracy of +0.1:mK. 


Jeo.o) Paramagnekic Thermometry 


Paramagnetic thermometry is based on the tem- 
perature dependence of susceptibility of an almost 
non-interacting system of spins. The general equation 


governing their behaviour is the Curie-Weiss law 





X = we | ERE 


where 
C™"="Curyve constant, 
T= Temperature, 
6 = Weiss constant, and 


Susceptibility. 


X 


Three different salts were tried in turn: 


(a) Cerium Magnesium Nitrate (CMN), 
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(b) Ferric Ammonium Alun, 
(cy) Potassium Chrome Alum. 

CMN is known to obey Curie's law down to ~0.01 K 
and probably somewhat below (Abel et al 1964). Sees, 
fairly sensitive methods of measurement are required 
because the material has a small Curie constant. Ferric 
ammonium alum was therefore tried as it has a large 
Curie constant. However, the salt is extremely unstable 
since it loses its water of hydration very easily. 
Finally, potassium chrome alum was tried. 

The thermal and magnetic properties of potassium 
chrome alum are fairly well known below 1 K (Bleaney 
1950, Daniels and Kurti 1954). The salt was used in 
the form of a sphere 7/8 inch in diameter. The ends of 
about 300 strands of enamelled Aon we ae gauge copper 
wire were embedded in the sphere to provide thermal 
contact with the 3He station as shown in Fig. 1. The 
Salt and an epoxy mixture (Harrison 1968) were cast in 
E split teflon mould with a hole for the sheaf of wires. 
The exposed ends of the wires were then soldered to the 
specimen station about 2 inches from the salt sphere. 

The-susceptibility of the salt, as a function of 
temperature, was determined from the change in mutual 
inductance of a pair of concentric coils which surroun- 
ded the salt. Mutual inductance measurements were made 


using a 17 Hz inductance bridge (Pillinger, Jastrum and 
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Daunt-1958)..«Theoprimary,.coil consistsvof 3000.turns 
of #38 B & S gauge enamelled copper wire wound on a 
teflon former which fitted closely over the narrow end 
(tail) of the outer can. Both the outer can and the 
inner can had tails (as shown in Fig. 1) made from non- 
magnetic stainless steel tubing. The secondary coil, 
mounted on the tail of the inner can, was wound in two 
sections on a single former. Each section consisted 
of 4000 turns of #40 B & S gauge enamelled copper wire, 
wound in opposition and connected to reduce the total 
mutual inductance to as small a value as possible. 
Copper leads were used to make connections between the 
two coils and the mutual inductance bridge. A few 
extra turns on one half of the secondary or slight mis- 
alignment on assembly or cooling, made a considerable 
difference to the total mutual inductance of the coils 
which could result in the mutual inductance lying out- 
side the range of the bridge. Consequently the range 
of the bridge was extended ge apLaccor olmten, Dy. 
replacing the standard 5 mH plate coil in the bridge 
by a "home-made" mutual inductor of value about 500 mH. 
To determine Mo (the mutual inductance in the 
absence of the salt pill) the measured mutual inductance 
M for the system with salt pill in place is first 


plotted as avtunctionsoh A/TmalT fromr0ey woe) wand 
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this curve extrapolated to T =~” gives Mo: Then Reara Y 
is proportional to the temperature dependent part of 
ENG suscepcibility of the salt. 

Since vapour pressure measurements were used to 
determine the absolute temperature T from 0.7 to 4 K, 
it was only in the range 0.4 to 0.7 K that the magnetic 
temperature T* had to be converted to the absolute 
temperature T. However, in this temperature region, 
the difference between T and T* for Potassium Chrome 


Alum is negligible (Cooke 1949). 


3.3.4 Calibration of Thermometers 


The thermometers were calibrated by mounting 
them on a specimen of high thermal conductivity, sol- 
dered to the “ite station. Fifty different temperatures 
of this station were maintained and measured as des- 
cribed earlier. The resistances of the two germanium 
thermometers were measured, in rapid sequence, at each 
temperature. The data were then fitted to an equation 


of the form used by Blakemore (1970). 


pe A, (In ty (3.2) 


| 15 


i=0 
Chebyshev polynomials and double precision were used 


for sufficient accuracy and it was found that a value 


of n = 7 gave the best fit. A deviation curve of 
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CE - T aef vs se 


Sat a was plotted, where Coat were the 


xp 
calculated temperatures using eqn. (3.2) and TExp were 
the experimental temperatures. Since the deviation 
curves for the two thermometers were very similar the 
corrections applied were generally less than 1 mK. A 
table of R vs T at intervals of 0.1 mK was generated 
for each thermometer, so that thermal conductivity 


calculations could be made quickly while a run was in 


progress. 


3.4 Measurement of Thermal Conductivity 


Measurements of the thermal conductivity )(T) 
were made in the steady state by passing a constant 
heat current Q down the specimen and measuring the 


temperature difference AT between two points. Then: 
A(T) = Q(2/a)/aT oe) 


where 2 is the length between thermometer connections 
and A is the cross-sectional area of the specimen. 
Current leads to the two germanium thermometers 
were connected in series. The specimen heater, of 1500 
ohms resistance, was made by winding #40 B & S gauge 
mManganin wire on a 2 mm diameter insulated copper wire. 
This was attached to the specimen with Wood's alloy. 


Current leads to the heater from the He station were 
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superconducting (lead plated manganin wire), thus 
eliminating any corrections due to joule heating in 
them. 

To measure the thermal conductivity at any given 
temperature T, the 3He station was first stabilized at 
a temperature slightly below T. The specimen heater 
was switched on and the power adjusted to produce a 
reasonable AT. Generally AT was ~150 mK at 4 K and 
~40 mK at 0.5 K. Both thermometers were read in rapid 
sequence and their temperatures recorded when they 
became steady. The heater was then switched off and 
the two temperatures recorded again in the steady state 
with Q = 0. This procedure was repeated twice to ensure 
that there was no appreciable drift -in the temperature 


3 


of the ~He station. Then 


AT® = (AT) . - (AT), , where 


(AT) . is the difference between the upper thermometer 
readings with the heater ON and OFF, and 

(AT), is the difference between the lower thermometer 
readings with the heater ON and off. 

The temperature T is the mean temperature (T) + T5)/2, 


where T. and T, are the temperatures of the upper and 


2 L 


lower thermometers respectively with the specimen heater 


ON. 
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The heat Q, produced by the heater, is determined 
by measuring the current I through and the potential V 
across: the*heater with a’ potentiometer. Then Q = IV. 
Measurement of the geometrical shape factor 2/A allows 


eqn: “{SiSyPte be@applied to-obtain”A (T) . 


3.5 Measurement of Electrical Resistivity 


The electrical resistance of a specimen can be 


represented by 
R = o-(2/A) 


where R is the electrical resistance, p the electrical 
resistivity and (2/A) the geometrical factor. Since 
the Biecemicsr resiatance and thermal conductivity of a 
specimen are measured in the same run using the same 
probes the shape factor remains the same for both mea- 
surements. 

The electrical resistance was measured by pass- 
ing a constant current through the specimen and a 
standard resistor and comparing the voltage drop 
produced across each. A cGarereming potentiometric 
arrangement was used to measure fade Copesgae and 
currents were reversed to eliminate thermo-electric 
voltages. All the specimens used had a resistance of 
=400 uk so that a current of 50 ma produced a voltage 


drop of 20 uV across the specimen. Since the smallest 
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detectable voltage was 100 nanovolts (nV), the resis- 
tance of the specimen could be measured to an accuracy 
of 4% 8. Manganin wires were used for the two poten- 
tial leads and current to the specimen was carried 
down a copper lead. The return path of the current 
was through the cryostat. 

The resistance of a specimen was generally first 
measured by immersing the specimen directly in liquid 
helium, in a storage dewar. The specimen was then 
mounted in the cryostat and its resistance measured at 
4 K with 4 He exchange gas present in the specimen 
chamber. For resistivity measurements below 1 Ka 
different potentiometer was used with a galvanometer 
amplifier as the null detector. This increased the 
sensitivity and measurements could:be made to the same 


accuracy using smaller currents. 


Siva sles OL Apparatus 


As a test of the apparatus, a test specimen with 
known conductivity and with a conductance similar to 
the alloys was required. Pure palladium (impurity 
content <l12 ppm) was chosen, since in a pure material 
(a) the lattice conductivity could be assumed to be 
negligible compared to the electronic conductivity and 
(b) the low temperature limiting value of the ideal 


scattering process for electronic conductivity was known 
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from the thorough work of Schriempf (1967, 1968): 
The electrical resistivity of the specimen was 
measured over the entire temperature range, 0.5 to 4 K, 


and the data could be fitted by the expression 
Z —8 
Oo = (6.00 + 070033") x 10 remes, 


when for the te term iS in good agreement with the 
data of Schriempf (1968) obtained above 2 kK. 


Schriempf's data (1967) can be expressed as 
8 2 


nOLL = Lo - Br? where De = 48 LO we Work) ander 
depends on Po: in Big..2,.A0/7T ‘for the palladium 
specimen is plotted against T and fitted by a least 


8 waK*, 


squares procedure, yielding Lo = 2.48x rieeve 

which is identical to Schriempf's value. 
ined. |S, A0/. ms plotted against T to: provide 

a comparison with the plots for the alloys discussed 

later. The value for ne obtained by fitting a straight 

limemto- this plot, is wie-same.as that of Fig32,, within 

experimental error,although. the extrapolation may have no 

physical justification. However, the data points fit the line 

smoothly with small scatter and without any sign of the 


"bumps" or "kinks" that are apparent in most of the 


alloy data. 
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Total thermal conductivity A in W cm 


Table l 


i KL 


as a function 


of temperature T in degrees K for pure palladium. 


3.946 
3.933 
3.726 
3.534 
3.362 
3.282 
3.043 
2.779 
2.584 
2.306 
ZEVOE 
1.755 


P2676 


ey 


Lfa = 


head 
1.560 
1.462 
1.409 
13333 2,0 
1.304 
ber217 
PELs 
P2030 
O9Z25 
0.865 
Onei EL 


0.688 


6.06 x10 


6433 cm 
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Q-cm 


135509. 
1.405 
13395 
B26 3 
1.154 
1.104 
Hh. GOS 
019135 
0.865 
ORO 
0.699 
07630 


0.483 


0.612 
OF 76 
0.568 
OF 5123 
0.476 
0.451 
0.412 
0.388 
0.360 
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CHAPTER LV: 


SPECIMENS AND THEIR PREPARATION 


4.1 Choice of Specimens 


The specimens used were fairly concentrated 
alloys in order to: (a) ensure that the electronic 
component of thermal conductivity was reduced, making 
it comparable with the lattice component and (b) make 
the total electrical resistivity practically tempera- 
ture independent. The geometrical shape factor, /a, 
of each specimen was chosen so that the thermal 
conductance Q/AT at 4 K was similar for all specimens. 
This required the resistance R of each specimen to be 
about 500 um. Phase diagrams (Hansen 1958) were checked 
to ensure that all alloys were within the solid solution 


region. 


a2 Specimen Preparation 


A general procedure for preparing the specimens 
is outlined below. The pure materials were lightly 
etched and weighed. They were then melted either under 
vacuum or argon in either quartz or recrystallized 
alumina crucibles using a R.F. induction furnace. The 
resulting ingots were swaged or rolled to produce a rod 


of the required dimensions. A list of the specimens, 
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along with their residual resistivities and annealing 


temperatures, is given in Table 2. 


a-ece CGu=lO at. 7s. Al 


This alloy was prepared by induction melting 
99.999 % pure aluminum with OFHC copper in a 1/4" 
bore evacuated quartz tube. The resulting ingot was 
etched and then swaged in a number of stages, to 3.6 mm 
diameter. The specimen used was 10 cm long and was 


stored in liquid nitrogen to retain maximum cold-work. 


4.2.2. .Cu-30 at.. $, Zn 


Pies voLLangrpoint of zinc (907°C) is much Lower 
than the melting point of copper (1083°C). Consequent- 
ly, in the process of melting in the induction furnace, 
a large proportion of the zinc was lost by evaporation. 
This problem was circumvented by starting with larger 
quantities. The copper was melted first and the zinc 
dissolved in it. Four cylindrical rods (%" diameter) 
10" long were cast into sand moulds at the American Brass 
Foundries, Edmonton. One rod was swaged down to 3/8" 
diameter, annealed, and then swaged to 1/4" diameter. 
The intermediate anneal was necessary to prevent crack- 
ing. Specimens 12 cm long and 4 mm in diameter were 


machined from this material. 


9 









‘ . ep \ 4s J } ~ rt " 
eaitiveteteor [spbiesi atLoeds aofw paois 


‘ ‘ ’ vd - 
‘ f ; i 7 i ai _ “ ee 
.& sIlds? nt aevip ei ,estssteregmes 
; 
3 e + = x ~ ra 
[A ? ,36 Of-yD [.S8. 
pee a ret 
e she =~ 7 f o- ao» - peter 
ofl i WOoLS I V FIS9210 ew Yous e2Livt 


b\i 5 at xssqgoo DHIO Agiw muntmuis sxuq #7 eee.ee 


- ‘ on - ” ‘~~ 
J p , r m P nlf a a ™ 
} r¢ itt 9 eo > f sSaQuU3 SS35UP PDSIsBVUDEBVS xtiod— 
= - el a “. ~ = oh he _ f. od 
if IF , eapase 1 1Santiit fH it SDBWS Shay DAS Penors : 
= a y 


aS 2 .3s6 06-09 S,.S.8 


eR eee 


oy f ro +s > a . f ; 
awoi a (2 UL) OMLS TO IALOg PAELLoa sa,r 
I 
i ~— + We ’ 2 r ~ > al > H “ 
~jnsupsen Gah o9 > taLiogq priigtem srt 
- Ld 


bn 

% 
* 
pe 
5 , 
jt 

a 
C 
~ 
. 
w 
He 
‘ 
re 
}- 

+ 
bey 
“hy 
2 
ay) 
© 
wy 
a) 
Pr 
6 
4 

Ke) 
© 
= 
ay 
Le 5 
rad 


t6xoqsvs yd, geol asw onts sdt-2o ices 
TSpzs.i ASL misi6s2 yd bestnevmtisrto ssw moic 
> ss ‘e + + Fost I = a ee 
ons ofS Has texrit betiom esw asqaqes so?  veetses 
Ta tons mS w ofy = F - Te ree F a © ; ui +<¢ . 
(tetgomeih “=+) eabor Isoiabnilys sth0t 3k me 4 
7? rs 4 a - ‘ Fi e 
= “\ Franhk sri + > ein Terese | tare ‘ " =. : .- 
: 22 exe AsoirSomMA S13 js 2ebluom base otnar FEBS s19W <r, 





















Lhe 






MBE. 03 Psi mei pswe 26W box an0 6 
hy - ae - nee! 
\i. 03 popsw 2 -nodd bate ‘ebenaiaiie oo 


Tene a bi 








Table 2 
Details of Specimens 


Residual Annealing 

Specimen Symbol Resistivity Temp. 
= (uRQcm) (K) 
Cu-10% Al 

cold-worked gS veer 

first anneal 0 6.79 600 K 

second anneal A 6.88 6754 

final anneal O 6.69 1000 K 
Cu-30 % Zn(a-brass) 

cold-worked e 4.59 

first anneal O S02 600 K 

second anneal A 3 eli, 100K 

final anneal O 3.86 1000 K 
Brass single crystal ® Biiois! 
Au-2% Pt 

cold-worked 2 1.84 

annealed O ee,2'6 1000 K 
Au-10% Ag 

cold-worked @ 2.90 

annealed O 2e7 hs 1000 K 
Ag-2.1% Al 

cold-worked @ Sas 

annealed O Sacer TOO. OKs 


Palladium @ 02061 
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4.2.3) rCu=30nmat. @ Zn Single Crystal 


Two single crystals of brass were obtained from a 
commercial source (Windsor Metalcrystals 1973). One was 
a 1/2" diameter cylindrical rod and was spark cut into 
1/8" square rods 6" long. The other, 1/8" diameter 


cylindrical 6" long was measured "as received". 


4§224e Ag=2:leat.\SrAl 


This alloy was prepared by Seth and Woods (1970), 
in the form of a 1 mm diameter wire, and cold-worked by 
them in the process of drawing through dies, with inter- 


mediate anneals. 


4.2.5 Gold Alloys 

HevAu-cedt., 62Pt and the Au-10 at. % Ag alloys 
were prepared by induction melting materials of 99.999 % 
purity in recrystallized alumina crucibles under argon. 


Resulting ingots were etched and rolled into square 


rods of 4 mm cross-section and 10 cm long. 


4.2.6 Palladium 


A 50 cm coil of 1 mm diameter pure palladium 
wire (impurity content <12 ppm) was obtained from a 
commercial source (Johnson Matthey, 1972) and used as 


the specimen. 
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4.3 Annealing 


The specimens were annealed in a horizontal 
vacuum furnace whose temperature could be controlled 
with an uncertainty of +5°C. All annealings were 
carried out for a period of 12 hours after which the 
specimen was allowed to cool gradually. The Cu-10 at. 
% Al specimens were annealed under vacuum but the rest 
of the specimens were annealed in an atmosphere of 
argon. To prevent excessive loss of zinc, the brass 
specimens were placed in a hollow brass cylinder with 


a loosely fitting cap and annealed under argon. 
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CHAPTER V 


EXPERIMENTAL RESULTS 


2 al Graphical Presentation of Results 


The; thermal econductivity data for all alloys has 
been presented in Figs. 4 to 9 as plots of A/T against 
T for reasons discussed in Chapter II, and to facilitate 
comparison with previous work. On these curves, depar- 
tures from a horizontal straight line through Lo/, 
(denoted by horizontal arrows) represent the contribu- 
ELON SOL x to the total conductivity where, using eqns. 


(eee )eand (252) 


dg =}, = (L/9,) T A G5 1!) 


Sie Copper Alloys 


Datagione thet Cu=l0sat strAlgandiCuc30eathas 2n 
alloys, in various states of anneal, have been plotted 
in Fig. 4 and Fig. 5 respectively. In the temperature 
region 1.2 to 4 K the thermal conductivity points for 
the cold-worked and fully annealed states can be 
fitted to straight lines. However, this is impossible 
for the partially annealed states. Thus a least squares 
fit was made in two line segments (Mitchell et al 1971) 


iving rise to a "kink" in the plots, at a temperature 
g g 
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The around 2.5 to 3 K (indicated by small vertical 
arrows). Below 1.2 K, thermal conductivity values 
depart from the T? dependence anc so the data, in the 
region” 0%5 tosld2ak, rappeatvasvact bumps. 

Pigs Garscaspleottets jA/s/TavselTifordthesl/s" 
diameter Cu-30 at. %Zn single crystal. Square rods 
cut from the larger crystal yielded basically similar 
results. The lattice thermal conductivity of this 
specimen is slightly larger than that of the fully 
annealed Cu-30 at. % Zn alloy, but the onset temperature 


of the bump is the same (#*1.2 K). 


5.3 Silver and Gold Alloys 

AD prOtsoreAg—-Z.1 at, % AP data™(Fig: 7) indicates 
the presence of a "bump" at a slightly lower temperature 
(~1 K). Between 1 and 4 K the thermal conductivity 
points cannot be fitted to a straight line so that "kinks" 
apveat sala eemperacure Ty. hn CaS ed Ss 

Datagftor the Au-20at.% Pt and Au=10 at. e7Ag 
alloys are presented in Fig. 8 and Fig. 9 respectively. 
Kinks are evident iNmechewA A laVSe  apLotcsnat Ty ~ 2 Ky 
which is lower than the values of Ty for copper and 
silver alloys. The onset temperature of the bump, The 


appears to be just below 0.8 K. However, unlike the 


situation in the silver and copper alloys, the values of 
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iG in the cold-worked condition do not approach the 


rg values of the annealed state at the lowest temper- 
acures. 

The residual resistivity of each specimen was 
measured in various states of anneal and the values 
are listed in Table 2. The residual resistivity of 
the Au-2\at. % Pt. alloy increased“from 1.2 to 2 7Q-cm 
on annealing, and dropped to 1.8 uN-cm on re-rolling. 
This puzzling phenomenon has been observed previously 
by Birch et al (1959). Thermal conductivity measurements 
were made in all three states of anneal. 

The measured thermal conductivities and lattice 
conductivities calculated from them, using eqn. (5.1) 


a weak - 21 %, ave listed astanfunction 


with L, = 2.445x10- 
of temperature in Tables 3 to 18. Since the measured 
Lorenz ratio, Ap/T, for the cold-worked gold alloys was 


less than Ly at certain temperatures, the calculated No 


values, at these temperatures, are ‘negative. 
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Total thermal conductivity )X and lattice thermal conduc- 


tivity 2 
¥ 4g 


[a ee ee 


in degrees K for Cu=-10 at,$% 
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Ze Le, 
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as a function of temperature T 
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Total thermal conductivity \X and lattice thermal conduc- 


tivity hg in mW cm? K 


in degrees K for Cu-10 at.% Al (annealed 600 kK) 


4.010 
3.836 
3.663 
3.495 
5,323 
3.192 
3.050 
2.922 
2.829 
25645 
2.558 
2.420 
2.328 
Leen 
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£/a= 53.1 cm 
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Total thermal conductivity A and lattice thermal conduc- 


CiViLY: A 
Y “g 


in degrees K for Cu-10 at.% Al (annealed 675 K). 
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Total thermal conductivity X and lattice thermal conduc- 


CLVLCYV A 
Y “g 


in degrees K for Cu-10 at.%-Al (annealed 1000 K). 
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Table 7 


Total thermal conductivity \ and lattice thermal conduc- 
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Total thermal conductivity } and lattice thermal conduc- 
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Total thermal conductivity \ and lattice thermal conduc- 
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in degrees K for Cu-30 at.% Zn (annealed 700 kK). 
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Total thermal conductivity } and lattice thermal conduc- 
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in degrees K for Cu-30 at.% Zn (annealed 1000 kK). 
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Total thermal conductivity } and lattice thermal conduc- 
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Total thermal conductivity \ and lattice thermal conduc- 
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Total thermal conductivity \ and lattice thermal conduc- 
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Table 14 
Total thermal conductivity A and lattice thermal conduc- 
tivity dg in mW cm! x7! as a function of temperature T 


in degrees K for Au=Zeat. 2 PL (unannealed) ’. 


Po =1.19 pNQ-cm 


R/a =214.4 cmt 
T r dg T h g 
3.985 87.14 5.19+0.84 22053 | Mowe op ese 8 
panes £84 640 = oA n4520 282 15748 Sr c05 ol 020 7 
BANE) 8 nee see «(x4 470.20 419 1a) 732649) ab eo as 
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Ag GAGS) Bl Sor70 G4 ie ihSee Ne eT oe 
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DaGRE EG Soi) gl 44020 86 Osis | ONT at 150 920 
PRO e eeiha4y oe Ia) aAG ono 0.891. 18.81 _.0.49+0.18 
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Table rls 


Total thermal conductivity A and lattice thermal conduc- 


beech 


tivity hg in mW cm ~ K~ as a function of temperature T 


in degrees K for Au-2 at. % Pt (annealed and then rolled). 


S ae Ne hs 
3.868 
3-696 
S20 
SWS 
3283 
en OL 
aes 
2.634 
ie 
2.406 
Pa Peete 
2.074 


1.880 


wise al, 
54.60 
ai bere 
48.28 
46.11 
43.56 
40.54 
SUT acoeh 
Sted RS 
Sy Ae 
3b Ou 
29.49 
2s Le 
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p, =1.84 


07a= 206.2 ch” 


, * 
=) 
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32020552 
Peo tO 0 
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0 S46 
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0.3920.41 
053520.38 
O2L0=036 
-~-0.2310.34 
=~, 33t0.53 
=(2220.30 
=O, 4ut0. 20 


=e On Or20 
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7 r eas 
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Dade 25.07 =) 90220 «24 


OG 21n. 4) =o) tO Git Oeners 
isis 7h: 20m. =O). OU eek 
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ib asb Sys) ie Oe =O. 4.20.10 


We2o3 16.44 a Oem iee Ble i 
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iol Whe: 14.16 =—07, 50:20 315 
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OF 976 P2509 =O Sco 


07995 11.48 -0.2620 712 
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* Negative values for hg explained in section 6.3. 
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Total thermal conductivity A and lattice thermal conduc- 


en at ga ig oy eps 
ae g 


in degrees K for Au-2 at. % 


OU 
3.056 
3.668 
Se Oo 
3.421 
3.248 
2.964 
Pee IETS, 
2e009 
aoe} 
2.345 


2.140 


in mW cm~ K 


73.42 
72.00 
67.80 
65.26 
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Pt (annealed 1000 K). 
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Table 17 


Total thermal conductivity \d and lattice thermal conduc- 


CIVIiCY ie in mW cm K > as a function of temperature T 


tyedegrees K for Au-l0 at. < 


3.975 
3.816 
3.686 
3.439 
3.288 
2.961 
2.852 
2.709 
22552 
pasa il 
234 


uo gs | 


\ 


Ag (unannealed). 


Ry = 2.90 uQ-cm 
g/a=195.3 cm 
i ee iT d Ae 

35.60 2.0540.34 1.644 1 79-0 eco 
33293 1.7140:33 Le 1o%0s° 076320 03 
32.74 To 2e0032 1.409 Tieeos 007200 12 
30.42 1.39+40.30 1.295 LOCO tena Oe) 
28.96 Te 20f0 228 1.160 OF76 22'-020%20,10 
25.76 0.7640.26 leg OG 9.48 0.064+0.10 
24.44 0.36+0.25 1.059 &.96 0.02+0.09 
eee ale 022720223 . 0.989 8.36 0.01+0.09 
mie oT 0.2640.22 0.913 TLS 0.0440.08 
Toe oT 0.04+0.20 0.813 6.89 0.03+0.07 
17296 * -0'0620-18 0.692 5.92 0.0940.06 
15.85 -0.05+0.16 0.658 5.65 0.10+0.06 


* 
Negative values for ye 


explained in section 6.3, 
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Total thermal conductivity )d and lattice thermal conduc- 


EAVvicy aA 
¥%g 


in degrees K for Au-10 at. % Ag (annealed 1000 kK). 


Seve 
Sys gl tl 
gs020 
3.438 
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2 01/0 


ees 


in mW cm ~ K~ as a function of temperature T 
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a Paes 33 
49.45 
46.07 
42.82 
39.86 
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CHARTER E 


DISCUSSION OF MODELS AND EXPERIMENTAL RESULTS 


The thermal conductivity results of copper alloys 
will first be discussed. In section 6.1 it is shown 
that the anomalies lie in Woa (phonon scattering by 
dislocations) and in-section 6.2 the copper alloy data 
is discussed with reference to various existing models. 
Results for the silver and gold alloys are discussed in 
section 6.3 and finally, in section 6.4, the temperatures 


at which the anomalies occur are correlated with phonon 


wavelengths. 


GL Copper Alloys 


From theaCu-l0rat, so Al and Cus30 at.” 4n al toy 
results shown in Fig. 4 and Fig. 5 respectively, we 
observe:- 

Uy) A change in the temperature dependence of A 
around 2.58to 3°Ke reterred to asathe™ *kink™* 

(ii) An excess conductivity appears below 1.2 K 
referred to as a "bump". 

(iii) Annealing successively at higher temperatures 
increases the lattice conductivity but the 
fractional increases in dg at the lowest tem- 


peratures are much smaller than at 4 K. 
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It will first be shown that all these anomalies 
lie in the lattice component do: They cannot arise 
from the electronic component Aas as any changes in Ae 
would be reflected as changes in the electrical resis- 
tivity of the specimen through the Weidemann-Franz Law, 
Cc cn 4) a ne electrical resistivity of both the 
Cu-Al and Cu-Zn alloys was measured, and found to be 
constant to within 1/2%, over the temperature range 
0.5 to 4 K. Therefore, unless a conduction process in 
addition to phonons and electrons is present, the 


anomalies must be in Ns 


oad AME Scattering of phonons by electrons or defects? 


Having shown that the anomalies are in XG the 
question arises whether they are in Wed (phonon scatter- 
ing by defects) or Woe (phonon scattering by electrons) ? 
The author believes the kink to be a change in phonon 
scattering by defects. In Fig. 4 the annealed alloy 
has the largest hee implying smallest Wea" However, 
the kink is absent. The kink is present in partially 
annealed alloys and is more pronounced in the specimen 
with greater cold-work i.e. larger Nea The most cold- 
worked specimen is apparently an exception since it 
has no kink. In this case, however, the slope is so 
small that the presence or absence of a kink is un- 


observable. The author, therefore, disagrees with 
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Mitchell et ‘al (1971) who ascribed the kink to he 
Although other large scale defects, which anneal out 
of cold-worked specimens, could account for these 
results and the results of other authors above 1.5 K, 
dislocations seem likely to dominate the phonon 
scattering in cold-worked specimens (Klemens 1958). 
Below 1.2 K the thermal conductivity points 
lie above the line extrapolated from high temperature 
measurements (Fig. 4 and Fig. 5). This excess conduc- 
tivity is also believed to be a feature of Wed and not 
Wes .cbSince dg in the cold-worked state is very much 


ge 


smaller than in the annealed state, W >> Wye in the 


gd 
cold-worked state. The excess conductivity persists in 
the cold-worked state indicating that the bump is a 
component of Wea and is interpreted as a non-standard 
decrease in Mod 


so straightforward in the annealed alloys since the 


below 1.2 K. The interpretation is not 


relative size of Woe and Wea is unknown and the former 
could also be anomalous. The simplest explanation is 
that the anomalies are in Wed in all states of anneal. 
This makes it necessary to assume that even in the 
fully annealed state, Wea is still of measurable size 
and has a similar temperature dependence as for the 
cold-worked state. Below 0.7 K, A/T curves are a much 


less rapid function of cold-work than above 1.5 K. 


This suggests that below 0.7 K, Nhe for the fully annealed 
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alloys should be a good estimate for Kees Previous 
estimates of eed based on data above 1.5 K, would 


thus be too large. 


6.1.2 Hstimates* of electron Vimtted Tattice conductivity 


In section Aci2Z sbi wasSshowm (that ‘the electron 


Pamated lattices thermal conductivity, XA, ,%.is propor- 


€ronal tq si at low temperatures. Klemens (1958) has 
calculated his T for pure copper and shown that it 
SHolvlLeahe tairty constant on alloying. g@n*Fig. 10 


the observed values of WT for .Gu-Zn, alloys, pure 


Copper, ana a singles Cu-Ne aWloy, obtained from a 

number of sources, are shown plotted against impurity 
concentration. It is evident from this figure that 

WoT obtained from Kemp et al (1957) increases with 
concentration and the reasons for this are controversial. 
White and Woods (1954) evaluated w, 7 for a Cu-0.056 at. 
% Fe specimen and obtained a value in close agreement 
with the theoretical value of W,, 7” (Klemens 1958). The 
values of W,T” obtained fromthe annealed Cu-cn alioy 
and single crystal reported here, (in the region 1-4 K) 
are approximately the same as those of Kemp et al (1957), 
For’ similar Ne eae However, values of WT, 


evaluated by extrapolating the few measurements 


below 0.7 K through L,+1%, give an estimate of 
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Woe are much closer to the value in pure copper, as 


might be expected from the arguments presented above. 


ba. 2oeebass Single crystal 


Having shown that the anomalies probably arise due 
to changes in phonon-dislocation scattering, a brass 
(Cu-30 at. @ 4n) single crystal with a low concentration 
Of dislocations (see section 7.2) was measured. Fig. 6 
shows that the bump persists and is similar to that in 
the annealed polycrystalline specimen (Fig. 5). This 
result is in.agreement with measurements of Salter, and 
Giarsteya (1967) mabovey tok, -onea, Cu-l2vat.s 2° Al Single 
crystal which has had a lattice conductivity similar to 
an annealed polycrystalline sample of the same concen- 


eration. 


6.2. Existing Models 


As pointed out in Chapter II, various models have 
been proposed to explain the anomalous behaviour in nS 
of copper alloys (of comparable P) around 2-3 K, and 
predictions have been made of enhanced conductivities 
ine the 3He region. Two categories be models, already 
described in Chapter II, involve phonon scattering by 
either (a) static dislocations or.(b), mobile dislocations. 


We will first discuss our data in terms of the static 


Pa : 
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dislocation model. 


Oce.r! Static@distocations 


(a) Dipole model 

Leaver and Charsley (1971) have calculated the 
temperature dependence of NG using the dislocation 
dipole model. They had evidence from electron micro- 
scope data, that in their Cu-Al and Cu-Zn specimens, 
only 20% of the dislocations were in dipole configura- 
tion and the dislocation separation, d, for these dipoles 
was +200 A. Following their method of analysis, detailed 
computer calculations were made by varying a parameter n 
and choosing different values for d (100 to 300 ANS 
Over the temperature range 1.2 to 4 K, there is fairly 
good agreement between the calculated curves and our 
experimental data. However, below 1.2 K, the calculated 
A values lie much below the Sere Men at values. It 
was found that slightly better agreement was obtained 
below 1.2 K, if a greater fraction of dislocations were 
assumed to be in dipole formation. However, although 
the Xg/T vs T plots appear to be of the right form, and 
some modification may fit the data exactly, the Leaver 
and Charsley model, with realistic parameters, cannot 


explain the enhanced conductivities. 
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(b) Dislocation rearrangement model 
On the basis of their dislocation rearrangement 
model, Ackerman and Klemens (1971) have shown that the 


onset temperature, T of excess conductivities in the 


B! 
3He region. depends on (a) the ratio of the lattice 
conductivity in the annealed state to that in the 
deformed state and (b) the density of dislocations 

in the deformed state N- Calculations using Ng x Toe 
Eile and Ss Coes (deformed) ~ 3 yield T. “tide KK. 
On annealing, Ng decreases and T,, should also decrease. 

ite is. evident—from, the, results, on,Cu-Al, and Cu-Zny(Fig. 4 


and Fig. 5) that T, is independent of dislocation densi- 


B 
ties in contradiction to the predictions of Ackerman and 


Klemens (1971). 


6.2.2 Mobile dislocations 


Both the models discussed above lead to a reduc- 
tion in phonon-dislocation scattering, and thereby an 
increase in the lattice conductivity, when the phonon 
wavelengths become larger than some critical value. 

Two other models, (based on vibrating dislocations) 
have also been proposed -- (a) scattering of phonons 

by mobile dislocations (Ziman 1960) and (b) resonant 
scattering of phonons by vibrating partial dislocations 


(Kronmulller 1972). 














_— 
4% 3 
= , 
‘ 
f ¢ me } 
lebom J0ssSpnbts6a% notidpsoleida (dy) 
eats teh Fp io tee 8 IS5 IO 2if tis 10 alecsna ont 10 
4 ‘ ee | Foon : . F. vende . c 
; TS wore < ii (LVe ; ? 209MOElA Das ff SBAPLBaAOD «iebom 
y a4 -_ . 2 r id re oer 3 4 y 
il iL. CEs t Lael, ) 10D i P— po “Se | 10 ~~ +. 4 3 rug S32 Scns | 79en 
* 
soit fit to < 51 sid (s) no ebnsgeb aotps1 of 
sit mi tsq3 of sts2a bolsoans ode ai ysivisorbaos 
7 es alt. ed ds es ey een I whey dad ee pee wren > 
(OLS BVQOLL 10 YILIBhSD Sits d) Bas stede ber nsO7SR. 
r } i. 
Ma “1 pnieav anoitsinois) +... e3s22. bemrotab ont ak 
~/ P / ; 
— oe ‘y 
1 = Pep e ~ = Tt) no} / . \ 4 3 LBSnmas) ys ‘ se Pe =] me | 
a <= ‘ og j Vv ial 
an ry by - > Pm Toy J 1 ne 9 > a ~\ cn F if ~ 
Ie > ye Te +e) at Cr de 3 7 et r+ Dosh 2 IBESIVSH c7- 4 pal isonas 0. 
' ; io 
; ; ~~ % ~ F r ee ot eee re a ee —— ; 
®* wf p eli nd 3 AUS NO aF7iest Sit mor t. Ineshive ef 31 {es 
; ‘ : hex, 


, x 
-Fene oisso0le16b to stnebasqebat 2k _~T tads (2 .pkt bas 


Clad) ie San P Se eee 5 cattle ree ee Lad a ee oe , . oo 
BiH CHM ISAQIO 10 SshoLlaoDu Waal? Sis Oo MOLIDS>LIDSXTNoOD Sm a assist — 
‘ ; 


enoissoofeth siidem Ss. $237 


* 


~ ry etc fe = ~+ KRraf avodn« hao orreens F “~ Tf oer orl « F. : 
2uUDSt 5 ot Bbssi svods bseeusetib elebom sat dtog ie 
; 7 


LxsstHo0e to SaaS nen ah aie 


moneng sais aedw ,ytivistoubnos eckztsl sad abe saseront 
c . ) : cP 


suisy ae smioe nsedt ceprset Suto oad sigemolevaw 







— 
wu 
2 
o 
10g 
- 
e) 
a) 
ae 
ba 
Pol ta 
st ao 
g 
be 
a 
5 
bo 
< 
G 
2 
iD 
: 


a _ * 21 abom xertto | ow “a 


es 
a 


5) -- ~ Bazoqorg “need oeia 


aera ae _ 








1a 


(a) Ziman (1960) has shown that the scattering of 
phonons by mobile dislocations leads to Wo « p 4 
Bag i ee as ct at low temperatures. For all the data 


g 
plotted, at no point in the temperature range 0.5 to 4 K 


does the lattice conductivity have this strong a temper- 
ature dependence. 

(b) More recently, Kronmuller (1972) has calculated 
the vibrational frequencies of partial dislocations in 
cold-worked, face-centred cubic metals. These frequen- 
cies correspond to dominant phonon frequencies around 

1 K so that resonant scattering may occur. Resonant 
scattering of phonons is observed as a change in the 
temperature dependence of the lattice conductivity, at 

a temperature corresponding to the resonant frequency 
Woe Kronmlller has also shown that there should be two 
such frequencies, one for partial edge dislocations and 
another, at approximately twice the frequency for partial 
screw dislocations. In a given alloy, Wo is related to 
the stacking fault energy y by eqn. (2.7) so that copper 
alloys with different stacking fault energies should 
show resonant scattering at different temperatures. 
Values of stacking fault energies obtained from Saada 
(L9GG) show Chatry(Cu-s0rat= % an) /Y¥ACh-ORa ctw eenl) 72 
so that T, (Cu-30 aus Zn) /T,, (Cu-10 at. % Al) and 

T. (Cu-30 ACwos Zn) /T, (Cu-10 at. % Al) should be 7x2. 


However, from the results on Cu-Al and Cu-Zn alloys 
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(Fig. 4 Gndrhig .co)hditeisievidents that Tp LS ghw2y. K and 
Ty = Qi Kfformbothnalloys;owhichjispevidence that 
Kronmuller's mechanism is not responsible. Further 
evidence is supplied by comparing the thermal conduc- 
tavityoof ta, cold-workedsCu-2:-at.,% Al alloy. (Salter and 
Charsticyod 967 )ewitheehe wesultssgon.Cur10; at.,.% Al 
reported here. Although the two alloys have widely 
different stacking fault energies (Saada 1966), the 
temperature of the kink (#3 K) is the same for both 
specimens. 

Anomalies in Noe of the same order of magnitude 
as the bumps reported here, have been observed in 
potassium chloride (Pohl 1962), superconducting 
niobium (Anderson et al 1973) and in some copper alloys 
(Linz et al 1974), and have been associated with the 
resonant scattering of phonons. Linz et al (1974) are 
the only group who have reported a definite minimum in 
Age Determining the presence or absence of minima in 
hg is important as only Kronmtiller's model can explain 
a minimum in hg atvaround 1K. ~The shape of hg against 
T plots is strongly dependent on the accuracy of the 
experimental Lorenz number, L. In our heavily cold- 
worked specimens, a shift of Ly by +1 % can either 
introduce or eliminate a minimum in dg: For all other 
states of anneal, where, because hg is a larger propor- 
tion of A’, the accuracy of L is nee so critical, no 


minimum is observed. 

















‘ 5 i : 
bis. % S,f 2k 1 tedd Jnebs vo 2f 32 (2. .pht bas b ee) 
¢ ie 
f=} at %! VS : Teas i vot €: dtodd xo? A & al 7 
Ip hi. sh? a ‘ iis” 2. #18 -% a. 33 as “4 x we 
‘ ‘ é . #4) ~ a 
situ dianogesx ton el merasdosm steligmloiA — 
: o” 
-Subi ) it pnixzeqmoa. yd bstiggque ex sonebivo- 
4 a) I if F Pe fs -u. DSexxro' w-DiLov 5B 20 yrivis : 
a - : Ps —— , a 4 
[A & .t6 Oi-yD no dative sit dfziw (Veel yvyelarsd> 
: f SI ay. PPS Sra Ipuos ILA , Stead seats 
egtit , (dae 2 tsig tious? paicnoste Jaoxet2 tb ‘ 
; it | a 
: : 6 : H £s) fx on Os ccmininas act 
easmioage 
9bu 3 AT i} ALD .A ft eotisnoda . 
tJ : 7 ry 
rat - 2 : sil ,oted boattogsx -eqauid orld 26 
7 
LidoN bio que ,(Sdel Ldod) sbizgidse muieestoq 
ayolls xeqgo: np@ gt 6 (€vel [5 ts AoerspttA) mi idok: <a 
nee os = 
ijiw becsiooges ed evsd bas , (’7eL is i . 
“y 
Sits rer +5 sa enonota to pnitessaeoe tA 
ai ee fititeb s bsticqses sven on qvorp 
; - £ 
{J m 30 sc Bas x O19 ans prainioiejesd 





beets 






ane 





74 


Thermal conductivity results of Linz et al (1974) 
are different, on this point, in that they observe a 
minimum in the lattice conductivity of copper alloys, 
in all states of anneal, around 1 K. It is the author's 
opinion that it is outside the range of the state-of-the- 
art to be certain that minima do exist in the cold-worked 
alloys. However, our results for the partially and fully 
annealed alloys are accurate enough to eliminate the 
possibility that minima exist. Further work is probably 


necessary to resolve the difference. 


Gwen Summary 


Following the discussion on static dislocation 
models in section 6.2.1, it can be concluded that neither 
the dislocation-dipole model (Leaver and Charsley 1971) 
nor the dislocation-rearrangement model (Ackerman and 
Klemens 1971) can adequately explain our results. Of 
the two mobile dislocation models, it has been shown 
that the one proposed by Ziman (1960) is not applicable 
to the results reported here. The other model (Kronmlller 
1972) is the only one that can explain the presence of a 
minimum in the lattice conductivity, though stacking 
fault energy considerations show even this model to be 
inconsistent with our data. It is concluded therefore 


that none of the models discussed so far can adequately 
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explain our results. However the anomalies were deter- 
mined to be in ve and associated with changes in dislo- 
cation scattering. Although the Leaver and Charsley 
(1971) model does not fit our data, it is believed 

that some modification of their model can produce a 
much better fit. The main feature is the assumption 
Ofeay Characteristic", length,.of,the.order.of ca+few 
hundred angstroms, associated with the dilocation struc- 


ture. 


6.3 Silver and._Gold Alloys 


From the arguments in section 6.2 it was concluded 
that the ae anomalies in copper alloys were due to 
changes in the phonon-dislocation scattering, involving 
a characteristic length. This conclusion was tested by 
measurements on other noble metal hosts, where, due to 
changes in the Debye temperature, phonon wavelengths and 
dislocation vibrational frequencies would be different 
and so the anomalies in dG would occur at different tem- 
peratures 5 

For each silver and gold alloy specimen, measure- 
ments were made only in highly cold-worked and fully 
annealed states. The temperature of the kink, The fox 
the: Ag=2.1 tata *Alo(Pig. ()> isiroughlyas2s Suikevand Tae 


the onset temperature of the excess conductivity is l Kk. 
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The presence of a slight kink around 2.5 K for the 
fully annealed specimen is probably due to the anneal- 
ing temperature not being sufficiently high. For the 
Golorealloys (fig. 6 and Fr irgs= 9), Ty is~2 K and measure- 
ments do not extend to a low enough temperature to show 
a complete bump, since TR is below 0.8 K. The arguments 
which have been used to determine the cause of the kink 
and the excess conductivity bump in copper alloys also 
apply to the silver and gold alloys. Thus we concluded 
that the anomalies in all the alloys occur in Wed 
(scattering of phonons by dislocations). 

For the cold-worked gold alloys the measured 
Lorenz number, at certain temperatures, had a value 
less than the classical value of 2.445x 107% wox?. 
Consequently when AG was calculated, using eqn. (5.1), 
negative values for we were obtained, at those temper- 
atures. This can be regarded as an extreme case of a 
minimum and can be explained, as before, as a cumula- 
tive error affecting the lattice conductivity. The 
Au=2 aue % PU falloy was measured” first in’ themcold= 
worked state and the calculated dg values (using eqn. 
(5.1)) were all positive. After annealing and re- 
rolling it was found that the peatauan resistivity had 
increased by a factor of two and hg values decreased 
proportionately. The lattice conductivity values at 


some temperatures were now negative but the shape of 
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A/T against T plots was the same so that both Ty and 


T. were unaffected. at-=is*possible that a mistake ‘was 


made in measuring Po in the re-rolled state. 


O.4 . Hrreccive.”” Phonon Wavelengths 


The apparent similarity of ee for alloys with 
the same host and the difference between alloys with 
different hosts can be explained by considering the 
phonon wavelengths in the hosts. Carruthers (1961) 
defines an “effective wavelength } characterizing -those 
phonons most important in conduction at low temperatures 


by 
dh} = 0.6 d (0/T) (6.05 


where d is the lattice constant and 9 the Debye tempera- 
ture of the lattice. Values for these quantities are 
listed in Table 19. It may be observed that the effec- 
tive wavelength is nearly the same in copper, silver and 


Goltdvat the temperature immediately below whicnj the 


B?’ 


excess conductivity appears. The temperature of the 


[ea ol ees k changes in a similar manner to Tp but since 


kee 


Ty is less well defined than Th 


has not been made. The systematic change in Ty and Re 


a guantitative estimate 


is further evidence that the lattice conductivity is 
involved and that the conductivity is limited by scatter- 
ing centres, characterized by the same separation in each 


metal investigated. 
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Table 19 


Effective wavelengths at Tp 





b as 0.6d0 
Metal oe? d TB Y= a 
(K) (A) (K) wads 
(A) 
Copper 344 37. 0 Lied 620 
Silver 225 4.1 pea 555 
Gold 165 Are: Oates 540 


eoptained from Corak et al (U9 55) 5. 


POneained from Pearson (1958). 
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CHAPTER VII 


SUGGESTIONS FOR FURTHER WORK 


There are three areas in which preliminary 


investigations have produced interesting results: 


(a) Superconductors 
(b) Electron Microscopy 
(c) Amorphous Materials. 


Since the work described here is preliminary, 
the suggestions made in this chapter are of a specula- 
tive nature compared to the rest of the thesis. It is 
hoped that the following discussion will give direction 
to further research in the study of phonon-defect 


scattering. 


7.1 Superconductors 


In a superconducting alloy, as the temperature 
is reduced below the critical temperature Tee some of 
the electrons condense into the superconducting ground 
state. These electrons neither carry heat nor scatter 
phonons resulting in: (a) a decrease in the electronic 
conductivity, Ne and (b) a decrease in Woe thereby 
increasing the lattice conductivity, dg: Consequently, 


at a temperature T < 0.2 Tor it may be assumed that the 
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total measured thermal conductivity is due to phonon 
conduction limited by scattering from defects. 

Measurements made by Anderson and Smith (1973) 
on single crystal niobium samples exhibited anomalous 
lattice conductivities between 0.1 and 2 K. They 
attributed their results to the resonant scattering 
of phonons by mobile dislocations because the mean free 
path of phonons passed through a minimum at a temperature 
nea We. ok. 

One could choose various superconducting materials, 
with different stacking fault energies and Debye tempera- 
tures, and put them to the same series of tests as the 
noble metal alloys. It would then be interesting to see 
if correlations existed between the temperatures of the 
anomalies and values of Debye temperatures or stacking 


fault energies of the alloys. 


7.2. Electron Microscopy 


Following the arguments in section 6.1, it seems 
that all the anomalies in our results could be explained 
on the basis of phonon scattering by dislocations and 
their associated strain fields. Table 19 indicates that 
the "characteristic" length associated with the disloca- 
tion structure, in all the alloys, should be of the 
order of a few hundred angstroms. Consequently, a pre- 


liminary investigation of the dislocation structure in 
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Figure ll. 





Electron micrographs of annealed Cu-Ag% 


(upper) and brass single crystal (lower) showing 


Oo 


preferential etching. Scale 1 mm is 100 A, 
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the specimens reported here, was made with the electron 
microscope. 

In collaboration with the Physics Department 
electron microscopy group, specimens of the annealed 
copper alloys were prepared and studied under the mi- 
croscope. This investigation was limited to a Single 
sample of each specimen and failed to show any 
dislocation structure necessary to explain our results. 
In the brass single crystal the dislocation density was 
<10° em“ and the gannealed -Cu-l0Q at. 2 Alaltloy had va 
dislocation density of the same magnitude. The annealed 
€Cu-30 “at. % 4n atloy showed an extremely high density of 
dislocation. This was probably not characteristic On the 
bulk specimen but due to the considerable problems 
involved in preparing a specimen for electron miscroscopy. 
However, other interesting features were observed in 
both the, Cu-10"at.*27Al and the sbrass ‘single crystal 
and these are shown in Fig. 11. These electron micro- 
graphs show surface variations of the sample thickness, 
which is indicative of preferential etching, in regions 
On ~100-500 A. This suggests the Deecence of a micro- 
structure of a few hundred A which could lead to anomalous 


scattering for phonons of ~100-500 A wavelength. 


7.3 Amorphous Materials 


Zeller and Pohl (1971) measured the thermal 
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conductivity of some amorphous materials in the 
Eemperature range 0:05 to 200 K and their results, 

for Pyrex and selenium, along with our data on Cu-10 
at. teAl, are presented in Fig. 12. ~The lattice 
conductivity of both the amorphous materials and 

the copper alloy is of the same order of magnitude 

and all the curves have the same characteristic shape 
with a plateau, though those for the copper alloy are much 
narrower and at a lower temperature. Morgan and Smith 
(1974) proposed a very general eee: of phonon scatter- 
ing by structural disorder to explain the experimental 
results on amorphous materials. Their model contains 
two correlation lengths associated with some order in 
the solid. Their calculations show that Ng decreases 
approximately as T? in two regions separated by a 
plateau as shown in Fig. 12. With correlation lengths 
of 10 A and 1000 A they obtained results similar to 
those for the amorphous materials but longer range 
correlations would shift the plateau to lower tempera- 
tures. It is possible that the similarity of results 
for noble metals and amorphous materials may not be 
entirely fortuitous. Hopefully, there will emerge a 
very general model to explain the behaviour of lattice 
conductivity in a variety of materials, at low tempera- 


tures. 
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Fig. 12.. Lattice thermal ‘conductivity is pictted 
against temperature for some amorphous 
materials and Cu-Al alloys. 
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CHAPTER Vili 


CONCLUSIONS 


Measurements of the thermal conductivity }) of 
deformed alloys of copper, silver and gold confirmed 
the presence of a non-linearity or kink in )\/T Wsi_t 
plots;nearg3eKertin theycoppersandsgold' alloys) this 
kink disappeared when the specimens were sufficiently 
annealed. There was no evidence of any temperature 
variation of the electrical resistivity in these 
alloys below 4 K. It is therefore concluded that the 
kink arose in the lattice conductivity and that it 
must have been the result of scattering processes that 
were diminished by annealing. 

An excess thermal conductivity, above that 
expected, occurred in each of these alloys below a 
temperature T, near ieK.) Although annealing did not 
remove this excess conductivity it was also ascribed 
to a decrease of the phonon scattering by defects 
below Tp: Both the temperature of the kink and bump 
varied with the host metal of the alloy which suggests 
that the anomalies in hg are associated with phonons 
of the same wavelength in all noble metal hosts. 

Preliminary electron microscope measurements on 
copper alloys do not indicate the presence of a dis- 


location structure with an associated “characteristic” 


85 















7 
: " rT vy $i cept a 3° 
SYOTL BU LOAD : 

, 

5 

Z ; = = = 5 

to. § 3 (tjoubnoo Lsomxeolt sda to 2atnempuvessh an 
inoo Slop bas szevite .seqqoo iso evolis benrs oteb 
anit ANIA wo yalresonti-non & To 99 IDB aT odd 
rol Biop qqoo sdt nl «2 € tesa efoig 
) ; 5, ae 
jnsioilivue srew anemiosge eds aotiw bexse qaatb Anka 
‘ tu a a¢ 
fersqmes vais to “Sonesbivs on 28W eroit: . -belsenas.... a 
i ‘ _ 
S86 t+ivisetesr [sytzstseis Sas to aotaaninze 
ae 
bu fonoep sx7xéPTaeasn FJ -A § woled eyolis 
% ) : 
J 56 ylivistoubaoco Ss vttcB!l sit ok stoze Ah 
t+scAz Igeasvo1g puiistisve to sivese sag seod dead deum 
*; @ a ‘| 

. poi isents yd bode lakmts 919W 
- , 7 : a i, 
sss vit t toubaos siens pesoxe mA - | . : 

6 fed evolis esit to dd: i Bantu pee 

RP pul a Pld J Cw he i i ind DS it OSLtL FIO 7?) Degx 
. a 


ton Bib pntisspas ch Th A i 3668 oT exissezoqnad oh 


> 


4y 


badizo2s oels asw si ytivisdoubaos saaoxs elds svonten n 
: : | a 


tosteb yd palrsttsse nonodg sad Fo Senora 5 we 
7 
. $ 
qjmsd bas aid edt To’ srutereqmad oad 4 fisoa 


ate ah nek sien 
liar 
ileal 


oad 
oo 


a 






ej 


86 


length. However, there is some evidence of other 
structures of a few hundred angstroms in size, which 
could be the scattering centres involved. It is the 
author's opinion that for further progress thermal 
conductivity measurements need tc be made in conjunc- 
tion with electron microscopy. There is empirical 
evidence, supported by Morgan and Smith's model, that 
similar mechanisms are résponsible for the behaviour 


of Xg in a variety of materials at low temperatures. 
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APPENDIX I 
Deseraption, of a typical "RUN™ 


Solder probes on the specimen, measure the geometri- 
cal shape factor, then measure the resistance of the 
specimen immersed in a dewar of liquid helium. 

Mount specimen in cryostat, attach thermometers, 
heater’ and@electricaifleads; Check for continuity 
and accidental grounds. 

Solder inner can and check for leaks using acetone. 
Then solder outer can and check for leaks using 
acetone: 

Introduce exchange gas in rod space and specimen 
chamber at a pressure of several Torr. 

Cool to nitrogen temperatures and check all electri- 
cal connections. Connect leak detector to specimen 
chamber. 

Blow off liquid nitrogen by pressurizing dewar and 
transfer liquid helium. 


When thermometers read 4 K fill the 4 


He pot with 
liquid, taking care that the liquid is never cooled 
below its temperature in the dewar, and measure the 
electrical resistance of the specimen. 

Pump exchange gas from specimen chamber using an oil 
diffusion pump till vacuum ~2x10/ Torr. Pump for 


additional one hour and monitor sample space helium 


reading on leak detector. 
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Pump 4 ie pot and take thermal conductivity points 

at intervals of 0.1K as described earlier. 

At 3 K condense 3He in vapour pressure bulb. 

At 2 K evacuate 4 He Vapour pressure bulb and condense 
3He inwpot. 

Pump exchange gas from rod space and lift rod to 
isolate 3He station from “lps pot. 

Pump on He pot through needle valve, using a sealed 
Balzer's pump and take thermal conductivity points 
at intervals of 0.1 K down to 0.65 K. Check thermo- 
meter calibrations against vapour pressure between 
ON SLO ea. 

Using a mercury diffusion pump and bellows valve 
reduce temperature of 3He pot .aand take thermal 
conductivity points until lowest temperature. 

Gein temperature controller hedeen boil oft oHe 
from pot and vapour pressure bulb. 

Lower rod and introduce exchange gas in rod space 
and specimen chamber. 

Remeasure electrical resistance of specimen. 


Boil liquid helium from dewar and fill with liquid 


nitrogen. 


ro ; ) . 


L 
5 
q 
Lik 
“7 
a 
i? 

| 
{7} 
by 
15 

2 
i) 
4 
ee] 
3 

} dae 
Pts a 
\ 


} 
» 
c 
2 
° 
a 
i 
5 
ww 
te 
ke | 
io 
od 
.#) 
i) 
ot 
m 
& 











j box t24f Bas sosqe bot mou? esp epnsioxs quand . 
i” moxt matssate oH” stelorl 


‘ 


eleage s£ mpewy ySVLBV sibesgn dppords tog oH io qed ek 


- 7 E ‘ ¥ = 
Petr re tench eae Fie greg oo pil a Ya fe F . 0 aw fa 
a pts med J ISAF LANA : sii. Sit. > ee oe lv PS 

j .* Ins aug 2° t98is . 

ft £ r = ~_ " % - 
of : Sf > # £.6 Yo alsevisotat ge 
9972) . fomqsv Jantiaps enotrzstdiilaeo yeidom 
— E 


gxy ff , : — Fr oa bie , ; > >} - F ~~ ‘ 
evisv ewolisd bas qmeq sotayttib wm UOT wat : palew 
ABMICNS SABS DMB. Jog sh 2 


o exusexaqmed soubex 


iujsisqnes teowol Litaw esaieq yaividoubaeo -- 


wediqubtte | sontooge & 
<NemiLoega to sontsetetea: oF Lee Di 1toeie we ses . a 
Bivpil dtiw [li bas 1reweh motk mus tiga bhopel thea 5 12 ; 


Se por wot * a 
4 







= 









a 
—J 


APPENDIX II 


ADDITIVITY OF THERMAL RESISTANCES 


In Section 2.2.2 the’total lattice thermal resis— 
tance was calculated by adding the thermal resistances 


ae (phonon-electron scattering) and W (phonon-defect 


gd 
Scattering). This procedure is valid only if the scatter- 
ing processes have the same frequency dependence. If 


phonon-scattering processes with different frequency 
dependence are present simultaneously they must be combined 
by adding the appropriate reciprocal relaxation times 
béfore integrating over all frequencies. The relation 


to be used is then of the form: 


4 x 
h = ar?) (1/(% +4)] £2, ax 
e| Fo. spy \lexoi) 
where x = hv/kT and depends on fundamental constants and 


theiveloecity of sound: The relaxation times Th and Tp 
are for phonon scattering by electrons and by defects 
respectively (Lindenfeld 1966). 

Pippard (1957) has shown that for impure metals 
at low temperatures (when q%~1) the lattice conductivity 
does not follow a simple aig dependence but may be appro- 


ximated by 


A= AT + Bre ° 
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PYetted on a Universal curve, (Fig. 13), \g should follow 
a ~ dependence for large T/e, (q2> 1) but change over 
to a linear temperature dependence for small values of 
T/P, (q2@< 1). Since all our measurements lie in the 
Feqion where qi =~ 1 at.ids important to see if the anomalies 
Cale De explained by the extra conductivity arising from 
the linear term. 

Data for the annealed copper alloys are plotted 
Rie wag.” 135 as ee vs T/p 5. The dotted line represents 
che Eheoretical curve for copper as calculated by 
Lindenfeld (1962). In the region 1- 4 K the data lie 
DoloOweele —Eneorecica! Curve implying that .some detect 
Scattering still exists.in the annealed specimens. At 
Heed. IK Ve rises sharply above the theoretical limit which 
Makes one conclude that the increase in hg cannot be 
explained by the "Pippard effect" in Woe as the dotted 
line represents the limiting value for Woe and yet the 
experimental results rise above it and the change in Xa 
LS: too abrupt. 

In the fully cold-worked alloy the arguments are 
unchanged even if Woe and Wad have different frequency 
dependence, because Woa >> Wge at all temperatures, which 


is all that is necessary for our conclusions to follow. 
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